Introduction
Lead, mercury, and polychlorinated biphenyls (PCBs) are each known to have neurobehavioral and neurodevelopmental consequences in animal models and human populations. Despite what is known about the neurotoxicity from exposure to these environmental chemicals individually, the health effects from co-exposure to these chemicals and the corresponding biologically effective dose are relatively unknown. There is a need to assess these chemicals' cumulative risk for neurotoxicity, even though they do not have the same mode of action (National Research Council, 2008) .
Findings from in vivo and in vitro mechanistic studies of binary combinations of the chemicals of interest are contradictory (Radio et al., 2010) . These contradictions are likely due to differences among the mechanisms studied, outcomes evaluated, and variability in tissue-, time-and dose-dependent bioaccumulation (Meacham et al., 2005) . For example, Bemis and Seegal (1999) found dopamine concentrations were significantly decreased (P ≤ 0.001) in the brains of adult rats exposed to PCBs (1:1 mixture of Aroclor ™ 1254/1260) and methyl mercury as compared to either chemical alone. The observed values were 20%-50% lower than predicted values, suggesting a synergistic effect that the researchers attributed to a common site of action involving intracellular calcium regulation in neural cells. Other in vitro and in vivo mechanistic studies examining different endpoints have found varying effects from antagonistic (Sitarek and Gralewicz, 2009 ) to non-additive (Coccini et al., 2006) to additive (Costa et al., 2007; Roegge et al., 2004) . Goldoni et al. (2008) found asynchronous exposure produced antagonism when methyl mercury preceded PCB 153 and additivity when PCB 153 preceded methyl mercury. These mechanistic studies have provided some insights into the nature of these binary chemical interactions; however, they do not elucidate the human exposure conditions under which interactions are likely to occur.
The body burden from past exposures to these chemicals, as well as those maternal exposures that occur during gestation can transfer to the fetus via the placenta, and to infant and child during lactation. These effects are well documented and have been reviewed elsewhere (Wigle et al., 2007) . Because body burden potentially affects the neurological development of the next generation, childbearing-aged women in general -not just those who are currently pregnant -are of special public health concern. While these neurotoxicants are known to be pervasive and persistent environmental contaminants, little is known about the prevalence of co-exposures to these chemicals among childbearing-aged women (Denham et al., 2005; Qin et al., 2010) .
Bioavailability is dependent upon the distribution, bioaccumulation, storage and elimination capabilities and capacities of the human body (National Research Council, 2006) . Woodruff et al. (2011) reported 89%-100% of pregnant and non-pregnant women in the United States have detectable levels of at least one of these xenobiotics (i.e., lead, mercury, PCBs). There is a need to characterize body burdens to these three neurotoxicants among childbearingaged women.
The health impact of exposures to multiple environmental chemicals may be magnified even more among vulnerable population subgroups. For example, these childbearing-aged women could share susceptibility-and exposure-related attributes, socioeconomic factors and raceethnicity. Susceptibility-related attributes (reproductive status, health status and nutritional status) modify the biological response to exposure. Exposure-related attributes (acculturation, dietary consumption, alcohol consumption, tobacco use, residential characteristics and occupation) increase the likelihood of exposure to environmental contaminants. Socioeconomic factors (education, employment, income and marital status) and race-ethnicity influence health indirectly through complex interactions with susceptibility-or exposure-related attributes or both (Sexton et al., 1993) . (See Fig. 1 ). There is a paucity of information about subgroups of childbearing-aged women who may be disproportionately exposed and/or impacted by co-exposures to these three neurotoxicants.
Research questions
The aim of this research was to characterize the body burden and covariates for exposure to three neurotoxicants among childbearing-aged women living in the US 1999 through 2004. There were three research questions:
1. What was the percentage of childbearing-aged women who had body burdens at or above the median for lead, mercury and polychlorinated biphenyls (PCBs)?
2.
What was the extent of their mixed exposures?
3. What, if any, subsets of these women were disproportionately burdened by two or more of these environmental chemicals based on susceptibility-related attributes, exposure-related attributes, socioeconomic factors, and race-ethnicity?
Materials and methods

Description of dataset
This study analyzed data from the National Health and Nutrition Examination Survey (NHANES), a national probability sample (1999) (2000) (2001) (2002) (2003) (2004) . All NHANES protocols were approved by the Centers for Disease Control and Prevention, National Center for Health Statistics Research Ethics Review Board (Centers for Disease Control and Prevention, 2010). There was a purposeful oversampling of select subgroups: adolescents, the elderly, non-Hispanic blacks, Mexican Americans and low-income non-Hispanic whites.
Oversampling increased the reliability and precision of health status indicator estimates for these subgroups. To compensate for these selection biases, NHANES assigned a sample weight to each person based on US census data for gender, age and race-ethnicity (Centers for Disease Control and Prevention, 2009a, 2009b) . For this study, a six-year weighting variable was created per analytical guidelines (Centers for Disease Control and Prevention, 2006) . Using these adjusted (weighted) data allowed for estimation of true variance and generalizability to the US population (Centers for Disease Control and Prevention, n.d.).
Study population
The study population consisted of childbearing-aged females aged 16-49 of diverse races and ethnicities who were living in the US from 1999 to 2004. The outcome of interest was based on the presence of three xenobiotics: lead, total mercury (organic mercury plus inorganic mercury) in blood and PCBs (measured as the summed value of four lipidadjusted congeners 118, 138/158, 153 and 180) in serum of these women. For this study, participants were required to have all laboratory tests that identified these three variables of interest, and deemed by interviewers to have reliable dietary recall. Using these inclusion criteria, 14.4% of subjects were dropped from the original laboratory sample. The final study sample consisted of 3173 women who represented 134,502,033 women when data were weighted to the US population (Supplemental Material Table 1 ).
Data analyses
Procedures for sample collection, laboratory methods and analytic analyses are described elsewhere (Centers for Disease Control and Prevention, 2009a, 2009b) . The level of detection (LoD) for each PCB congener varied as each sample from each individual had its own limit; the larger the volume of a sample, the lower the detection limit. NHANES noted whether PCB values were above or below the limit of detection. Lower limits of detection were identified for lead and total mercury. For these two xenobiotics, values below the LoD were imputed (LoD divided by the square root of two) by NHANES. There were no missing data. For each sample, lipid-adjusted PCB congeners 118, 138/158, 153 and 180 were summed to create a new variable, the sum of lipid-adjusted PCBs in accordance with Schisterman et al. (2005) . As a result, true total PCB exposure may be underestimated somewhat (Longnecker et al. 2003) .
Total mercury was used in this study rather than speciated organic and inorganic mercury (Cernichiari et al., 1995) . Prior research has assumed methyl mercury and organic mercury levels in blood to be synonymous since ethyl-, phenyl-and methoxyethyl-mercury are converted rapidly to inorganic mercury (Björnberg, et al., 2005; Mahaffey et al., 2009 ). Elemental mercury is converted also, albeit more slowly. The median value for inorganic mercury was found in this cohort to be less than its lower detection level.
Data analysis began with concatenating and organizing the dataset, operationalizing dependent and independent variables and constructing software instructions in 64-bit SAS © and SAS-callable SUDAAN © .
Descriptive statistics for specific xenobiotic levels in childbearing-aged women can be found in Supplemental Material Table 2 . Since values at +3 SD were of greatest concern, all xenobiotic values were included in the analyses. Each dependent variable was dichotomized using the median as the cut point. The median for lead, total mercury and the sum of PCBs was equivalent to 0.89 μg/dL, 0.99 μg/L and 51.59 ng/g (lipid), respectively. The clinical significance of these values is not known. It is conceivable that the dose threshold for adverse health effects from a combination of these chemicals may be lower and the health effects more severe than those known to be associated with exposure to any individual chemical (Schmidt, 2006) .
For research question one, a composite dependent variable was created with four categories: 0 (no xenobiotic levels at or above the median); 1 (one of three xenobiotic level at or above the median); 2 (two of three xenobiotic levels at or above the median); and 3 (three xenobiotic levels at or above the median). For research question two, a different dependent variable was created using only two categories to assure adequate cell sizes and improve statistical reliability: 1 (no or one xenobiotic level at or above the median) versus 2 (two or three xenobiotic levels at or above the median).
Informed by a review of the scientific literature, NHANES was scrutinized to identify appropriate measures of susceptibility and exposure-related attributes, socioeconomic factors and race-ethnicity. Not all known risk factors could be operationalized given the data available. Variable frequencies were assessed for each of the independent variables to assure adequate numbers met the NHANES guidelines for statistical reliability (Centers for Disease Control and Prevention, 2006) . "Don't know" and "refused" answers were recorded as "missing". Missing values were addressed on a variable-by-variable basis.
Bivariate analyses (χ 2 ) were conducted on selected pairs of independent variables. Subsequently, some operational definitions were refined. Differences in participation by season (P=0.40), time of day for data collection (P=0.18), fasting time (P=0.63) or usual/ unusual food consumption (P=0.51) were not correlated with the dichotomous dependent variable. The large sample size compensated for intra-individual variability associated with intermittent exposures (Needham et al., 2005) .
For research question one, crude prevalence estimates for each specific environmental chemical were derived by dividing the number of childbearing-aged women at or above the median by the total population of childbearing-aged women using data weighted to the US population. These crude prevalence estimates are reported as percentages in Fig. 2 For research question two, bivariate analyses (χ 2 ) of covariates on outcome with two categories were performed with adjusted (weighted) data. Using all covariates related to the outcome at P ≤ 0.20, a multivariate logistic regression model was developed by creating a series of nested models and utilizing likelihood ratio testing. All tests for collinearity among the independent variables were negative. Odds ratios (OR) were calculated with corresponding 95% confidence intervals (CI) as estimates of risk for each factor using the best-fit logistic regression model with no interactions. Two-way interactions among the independent variables were tested by comparing nested models using likelihood ratio testing. Overparameterization occurred after two sequential nested model operations due to small individual cell size. Rather than introduce prejudice to the model, all two-way interactions were identified (Supplemental Material Table 3 ).
Results
The final cohort for this study consisted of 3173 women who met all inclusion criteria. These women represented 134.5 million women when generalized to the US population. 14% of childbearing-aged women were 16-19 years old, 34% were ages 20-29, 27% were 30-39 years old, and 25% were ages 40-49. 73% were non-Hispanic white, 10% nonHispanic black, 6% Mexican American, 6% other Hispanics (12% All Hispanics) and 5% were Asian, Pacific Islander, Native American or multi-racial (Supplemental Material Table  1 ).
Research question one and two
More than one-fifth of childbearing-aged women had xenobiotic levels at or above the median for all three chemicals. Among the 33% of women who had two xenobiotic levels at or above the median, it was as likely to be PCBs-lead (36%), mercury-lead (34%) or mercury-PCBs (29%). Among the 27% of women having only one xenobiotic level at or above the median, it was as likely to be lead (43%), mercury (36%) or PCBs (21%). Seventeen percent of childbearing-aged women had no xenobiotic levels at or above the median (Fig. 2) .
Research question three
For the best-fit logistic regression model, body burden was defined as having two or more xenobiotic levels at or above the median. This model had 12 variables: age, fish consumption, alcohol consumption, history of breastfeeding, household size, highest education level attained, shellfish consumption, language spoken at home, race-ethnicity, selenium intake/RDA, currently breastfeeding and employment status (Table 1) . Interactions were not included because of overparameterization. Goodness-of-fit was fair (R 2 =0.25). There were four statistically significant findings (P ≤ 0.05) regarding relative risk for higher body burden involving age, fish consumption, alcohol consumption, and history of breastfeeding.
The odds of having two or more xenobiotic levels at or above the median rose exponentially with age (P < 0.001). For women aged 40-49, their odds were 30 times higher than odds for women aged 16-19 (Fig. 3) .
Consuming fish more than once per week quadrupled the odds of having two or more xenobiotic levels at or above the median (P<0.001) when compared to those women who had no fish consumption during this same time period [OR=4.50; 95% CI, 2.49-8.12]. Fish consumption correlated significantly to mercury-PCB exposures (P<0.001).
Heavy alcohol consumption and/or binge drinking raised the odds of having two or more xenobiotic levels at or above the median (P ≤ 0.03) when compared to those women who had never or seldom drank alcohol during this same time period [OR=1.56; 95% CI, 0.81-3.01].
Those women who had breastfed at least one child for one month or more were 44% less likely [OR=0.56; 95% CI 0.33-0.94] to have two or more xenobiotic levels at or above the median than those who had never breastfed (P ≤ 0.03).
While retained as an important parameter in the model, race-ethnicity was not statistically significant, independent of other risk factors (P ≤ 0.22). Regardless, the odds of having two or more xenobiotic levels at or above the median trended higher among non- 
Discussion
The aim of this research was to characterize the body burden and covariates for exposure to three neurotoxicants among childbearing-aged women living in the US from 1999 through 2004. The magnitude of exposure to multiple environmental chemicals is underscored by the observation reported here that 23% of childbearing-aged women had three and another 33% had two xenobiotic levels at or above the median, where one would expect 12.5% and 25%, respectively. These findings support the need for health outcomes research resulting from co-exposures to all three neurotoxicants.
Lead-PCBs were identified as a common binary combination among childbearing-aged women who had two xenobiotic levels at or above the median. In their study of 138 adolescent Akwesasne (Mohawk) girls, Denham et al. (2005) found a statistically significant interaction between lead, four estrogenic PCB congeners (52, 70, 101/90, 187) and the delayed attainment of menses (P<0.05); this relationship was nonlinear. Few studies have examined this binary combination (Boucher et al., 2012; Stewart et al., 2006) . Mechanistic studies are needed to describe the joint toxic action of this particular binary chemical combination.
The odds of having two or more xenobiotic levels at or above the median rose exponentially with age. This study confirmed previously reported findings of a strong correlation between age with PCBs (Axelrad et al., 2009) , lead (Mushak, 1998) and methyl mercury (Caldwell et al., 2009 (118, 138, 153, 180) in older women (Laden et al., 2001) , data correlating xenobiotic levels with age by decade were not available for comparison. In this study, the women aged 40-49 were born between 1950 and 1963 when pollution levels were significantly higher than current levels. If historic emissions are a valid explanation, some women older than 49 may have equally high or higher xenobiotic levels. Their coexposures and the potential relationship to neurodegenerative disease among this age cohort should be examined.
Consuming any fish in the prior 30 days was associated with having two or more xenobiotic levels at or above the median. Domestic and imported sea food and freshwater fish consumption are significant predictors of adult methyl mercury and PCB levels (Grandjean et al., 1992; Gunderson, 1995) and to a lesser extent, lead (Falco et al., 2006) . Since the halflives of mercury in blood and PCBs in serum are approximately 70 days, the 30-day recall reflects xenobiotic levels more appropriately than 24-hour recall (Tran et al., 2004) . Individual cell size was too small to analyze individual consumption data on predatory species (i.e., shark, swordfish or mackerel) known to biomagnify methyl mercury and PCBs. Consuming tuna, salmon or haddock was significantly related (P<0.05) to higher body burden. Relative risk quadrupled when these fish were consumed more than once per week (Fig. 4) .
These findings support reducing environmental chemical exposures associated with fish consumption. Though the US Food and Drug Administration (2011) recommended a tolerance level for methyl mercury of 1 and 2 μg/g for PCBs in edible fish entering interstate commerce, this recommendation is neither legally enforceable nor applicable to intrastate commerce, recreational, or subsistence fishing. A nutrition rating system for fish at pointsof-sale would increase awareness among consumers. "Food labels should give clear guidance about their healthfulness and encourage healthier choices through simplicity, visual clarity, and the ability to convey meaning without written information" (Institute ofMedicine (IOM), 2011), p. 1).
While heavy alcohol consumption and binge drinking appeared to increase the odds of having two or more xenobiotic levels at or above the median, moderate alcohol consumption tended to decrease these odds slightly but not significantly when compared to non-and seldom drinkers. While alcohol consumption has been associated with reduced cardiovascular disease risk (Brien et al., 2011) , no evidence exists of a similar effect on xenobiotic body burden. Alcohol potentiation of prenatal methyl mercury-and lead-related toxicities has been demonstrated in animal studies (Gupta and Gill, 2000; Maia et al., 2009 ).
Gender-based alcohol studies show greater severity of alcohol-related neurological damage among women than men (Mancinelli et al., 2009) . In this study, all 16-19 year olds were categorized as non-and seldom drinkers because NHANES restricted these data. Fryar et al. (2009) estimated as many as 18.5% females aged 16-17 are heavy alcohol consumers or binge drinkers. Comparatively, in this study, 19% of this age cohort had serum cotinine levels >10 μg/dL indicating they were active smokers. Misclassification may have underestimated the true prevalence of alcohol consumption among the youngest cohort of women and contributed to the overall instability in this relationship between alcohol and body burden (Shrader-Frechette, 2008) .
A history of breastfeeding at least one child for one month or more was inversely correlated with increased body burden [OR=0.56; 95% CI 0.33-0.94]. Conversely, current breastfeeding tended to increase the odds of these women having two or more xenobiotics at or above the median, however this relationship was not significant [OR=1.97; 95% CI 0.56-6.89]. All three xenobiotics have been measured in breast milk (Agency for Toxic Substances and Disease Registry (ATSDR), 2004; Gundacker et al., 2002) . These findings suggest breastfeeding increases chemical exposures for infants and children while reducing total maternal body burden with a potentially lasting effect.
Like fish consumption, there should be a balanced approach to communicating the risks and benefits of breastfeeding. There is ample scientific evidence for health advantages associated with breastfeeding (Arendt, 2008) . Conversely, there is ample scientific evidence that xenobiotic milk concentrations reflect the nursing infant's exposure (Needham et al., 2011) and learning and developmental effects occur at blood levels as low as 2 μg/dL for lead (Collaborative on Health and the Environment's Learning and Developmental Disabilities Initiative, 2008). Currently, the Centers for Disease Control and Prevention National Center for Environmental Health (2010) recommends women with higher than 40 μg/dL blood lead levels to pump and discard their breast milk until their blood levels are lowered. There are no similar recommendations for mercury or PCBs.
As stated previously, environmental chemicals addressed in this study are known to transfer from maternal blood through the placenta to the fetus (Needham et al., 2011) . Woodruff et al. (2011) found xenobiotic levels in pregnant women were higher than non-pregnant women when levels were adjusted for covariates (i.e., age, race-ethnicity, education, marital status, parity, body mass index and smoking). Multiple chemical exposures among pregnant women should be described more fully and compared to non-pregnant women.
As an estimate of risk, race-ethnicity was not statistically significant in this study, but there were differences observed. Health disparities among racial and ethnic minorities are well known (Morello-Frosch and Shenassa, 2006; Payne-Sturges and Gee, 2006) . The odds of minority women having two or more of these xenobiotics at or above the median were higher than for non-Hispanic whites (Table 1 ). This study used data weighted to the US population dominated by non-Hispanic whites (73%). Since race and ethnicity are social and not biological constructs, this "bioethnic conscription" may act as an indirect surrogate for socioeconomic disadvantage (Montoya, 2007) . However, neither three socioeconomic indicators (food security, time in longest employment and marital status) nor any of the categorical income variables factored into the model (P>0.20). In the absence of bias and real effect, the effect of race-ethnicity may be a random variation. Examining these data for each racial-ethnic group would allow for a more detailed comparison.
The findings of this study should be used to inform healthcare practitioners and environmental health professionals of the wide-spread prevalence of childbearing-aged women's exposure to lead, mercury and PCBs. Emphasis should be placed on bioaccumulation, maternal exposures and intergenerational transfers during gestation and lactation. Longitudinal prospective studies should focus on the long-term health impacts of bioaccumulation from multiple environmental chemical exposures. Prospective studies spanning more than two generations should examine transgenerational consequences of these exposures.
Study limitations
The goodness-of-fit for the logistic regression model without interactions was fair (R 2 =0.25). A coefficient of determination less than 0.40 is not uncommon with cross-sectional studies (Lehmann, 1975; Murray, 2005) . To improve this metric, interaction among independent variables could be more fully described within the model. Adding to the dataset (i.e., NHANES 2005-2010) would sustain adequate cell counts required for sequential nested model operations; 33% of two-way interactions were strongly significant (P<0.001).
Comparing this study's best-fit logistic regression model to similar models for each individual chemical as well as models for binary chemical combinations could lead to a better understanding of exposure covariates. Aside from data adequacy, the body burden does not identify sources of exposure. Bioaccumulation and intergenerational transfers complicate this identification. Overall, there is a limit to understanding these complex relationships using cross-sectional studies.
This study examined three chemicals-only a fraction of all chemicals detected in the environment and in humans. No inference should be made with regard to exposures to other chemicals. Only associations could be made about the relationships between dependent and independent variables since all data were collected at a single point in time. While these findings can be generalized to the population of childbearing-aged women who lived in the United States 1999 States -2004 , no inferences should be made about exposures among other populations inside or outside the United States, nor should the results be extrapolated in terms of exposure risk for any given individual.
In conclusion, these findings are among the first description of body burden and risk factors for multiple chemical exposures among US childbearing-aged women. This study further supports increasing age, any fish consumption, and heavy alcohol consumption as significant risk factors for body burden. Prior history of breastfeeding lowered the body burden. Limited evidence was found of increased risk of exposure for minority status independent of other risk factors.
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